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I. INTRODUCTION
According to the electrical parameter to be measured, electrical tomography (ET) can be electrical resistance tomography (ERT), electrical capacitance tomography (ECT) and electro-magnetic tomography (EMT). Unlike x-rays, which pass through a cross section along a straight path, ET is based on "soft-field" sensing, i.e. the electric field distribution depends on the material distribution, and the electric filed spreads to a large volume at both ends of the sensor. This field distortion at both ends of the sensor is referred to as 3D effect. In ERT sensors, small pin electrodes are commonly used for current injection excitation. It is well known that the pin electrodes result in severe field distortion or 3D effect, and the sensing region of such an ERT sensor is not constrained to the pin electrode plane, but spreads to a large volume. In the past, some researchers reported serious fringe effect with ERT sensors [1] [2] , which would result in distortion of reconstructed images. Some other researchers made comparison between simulated electric fields of a 3D ERT sensor model and the corresponding 2D analysis by neglecting the fringe effect, or between 3D simulation and experimental results. They concluded that the simplified 2D model cannot be used to approximate the 3D field because of too large errors [3] [4].
To investigate the 3D effect on the measurements acquired from different electrode pairs, equi-current perturbation hypothesis was used in [5] to describe the image-forming mechanism of an electrical impedance tomography (EIT) system with an object extended from the electrode plane to a distant position in the axial direction of the sensor (Note that ERT is sometimes called EIT). It was pointed out that the largest change in the reconstructed image would take place where the disturbed equi-current surface with the largest current density intersects the cross-section of the EIT sensor. A circular image would be reconstructed if the extended objects cover the whole cross-section, but this becomes more complicated when the extended objects do not cover the whole cross-section.
In another literature [6] the 3D effect in EIT was also investigated based on experiment, simulation and analytical models. It was believed that the 3D attenuation range (3/4 attenuation) in the axial direction regarding the electrode plane would be one third of the vessel's diameter. It was also concluded that the reconstructed image would move towards the centre of the cross section if the object to be imaged moved away from the electrode plane. These conclusions are applicable to ECT and other ERT sensors. It means that it is difficult to locate and quantify the permittivity or conductivity perturbations inside the electrode plane of ECT or ERT sensors if serious 3D effect exists. Therefore, it is important to reduce the 3D effect of ECT and ERT sensors.
Up to now, few researchers have considered the 3D effect in ECT sensors due to their finite electrode length. Some researchers investigated the 3D effect by comparing the sensing ranges and the reconstruction errors of different ECT sensors for some distributions [7] . Some researchers tried to determine the optimal electrode length by comparing simulation results of 3D models with those of 2D models to make the 3D effect negligible for a certain sensor structure [8] . Some researchers compared resultant capacitance before normalisation from 2D and 3D simulations of the same ECT sensor when the sensor had a homogeneous distribution inside, and found that the 3D effect, represented by the difference between absolute capacitance before normalisation from 2D and 3D simulations, would increase almost linearly with permittivity in the image area [9] . All these confirmed that serious 3D effect would occur if an ECT sensor is not properly designed.
In contrast to grounded end guards applied to ECT sensors [7] [8] [9] , some researchers [3] [7] [10] used driven guard electrodes below and above measurement electrodes in the axial direction to reduce the 3D effect. Although some simulation and experimental results seem promising, some other researchers suspected the effectiveness of driven guards [6] [9] [11] . It is necessary to investigate how to reduce the 3D effect efficiently.
Theoretically, to reconstruct a 2D image for ECT or ERT without 3D effect, the electrodes should be infinitely long to produce a uniform field distribution along the axial direction of the sensor. In this case, the 3D field distribution can be simplified to 2D. However, this is impossible for industrial applications. In practice, this can be approximated by taking the following two steps: (1) to make the field distribution as axially uniform as possible within the axial range of the sensor and (2) to confine the field distribution within the axial range of the sensor. Based on previous discussions, the first step can be fulfilled with long measurement electrodes, subject to specific applications. The second step can be fulfilled with grounded end guards since they have been applied to ECT sensors and proven to be effective in narrowing the axial sensing range [7] . From these two points of view, it is necessary to investigate the impact of electrode length and grounded end guards on the 3D effect.
In this paper, the 3D effect of ECT and ERT sensors with variable electrode length is quantified against the corresponding 2D models as references while the quantification process of ERT sensors is preceded by discussions about voltage excitation for ERT. Image reconstruction is implemented based on the previous results to investigate the impact of 3D effect. Grounded guard electrodes are also evaluated to see its effectiveness for reducing the 3D effect. The feasibility of voltage excitation for ERT is verified by experiment. Finally, a common structure is proposed for ECT and ERT sensors to reduce their 3D effect and integrate the two sensors together for dual-modality measurement.
II. 3D EFFECT OF ECT SENSORS
It was suggested that the optimal length of electrodes in an ECT sensor should be the same as the inner diameter of the pipe for round-shape sensors and the width of pipe for squareshape sensors [8] . However, this conclusion is merely qualitative, without quantitative verification. From the application point of view, it is better to use shorter electrodes to achieve a narrower sensing range in the axial direction. Therefore, it is necessary to investigate the 3D effect on the normalised capacitance when the electrode length is shorter or much shorter than the diameter of the sensor. It is also necessary to investigate to what extent the normalised capacitance with severe 3D effect would distort the reconstructed images. For those purposes, 3D simulations for ECT sensors with different electrode lengths but without guard electrodes were carried out. Because the frequency of the excitation signal for ECT is in the order of 100 kHz to 1 MHz, the corresponding wavelength is larger than the sensor size by several orders of magnitudes. This means the potential distribution inside an ECT sensor can be approximated by the electrostatic field theory. This also applies to ERT sensors. Thus the electrostatic mode in COMSOL Multiphysics is adopted for simulation of ECT sensors and the conductive media DC mode for simulation of ERT sensors.
The ECT sensor structure and object distribution for simulation are shown in Fig. 1 . While different lengths of electrodes are used to evaluate the 3D effect, the length of shield is chosen to be 3 cm longer than that of electrodes to ensure the validation of the 3D modeling.
For calibration purpose, the ECT sensor is first filled with air ( ) as the lower reference, and then material of relative permittivity 3.0 as the higher reference, i.e. the object to be imaged in Fig .1 (b) has a relative permittivity of 3.0.
By exciting each electrode of the sensor in turn, the resultant electric field distributions when the sensor is filled with air can be obtained by simulation using finite element method (FEM) in COMSOL Multiphysics. Using the postprocessing function in COMSOL Multiphysics, the axial potential distributions for the above ECT sensors with two different electrode lengths, i.e. 1 cm and 12 cm, are acquired and shown in Fig. 2 . Note that different colour represents different potential, e.g. red for 1 V and dark blue for 0 V. Therefore, Fig. 2 is actually the axial distributions of equipotential lines in different cases. From Fig. 2 , the 3D effect of the ECT sensors with different electrode lengths can be seen qualitatively. It is obvious that long electrodes can generate more uniform axial field distribution (more equi-potential lines are almost in parallel with the axis of the sensor). In this case, the 3D field distribution can be simplified to 2D. This means that an ECT sensor with long electrodes (12 cm) presents less 3D effect than that with short or pin electrodes (1 cm). The non-uniform axial field distribution in the case of pin electrodes would cause non-uniform axial sensitivity distribution, because the sensitivity at certain point inside the sensor is closely related to the 3D electric field distribution generated by exciting one of the electrodes [8] . This non-uniform sensitivity distribution would further cause different responses from the sensor when the same object is placed at different axial positions inside the sensor, similar to that described in [6] .
Besides the sensitivity distribution, another essential factor for image reconstruction affected by the 3D effect is the normalised capacitance because the absolute inter-capacitance between an electrode pair is also related to the electric field distribution. Therefore, the normalised capacitance for 3D ECT sensor models with different electrode lengths is compared with their 2D reference to see the 3D effect quantitatively. The normalisation procedure is the same as in [12] and expressed as
Where N is the number of electrodes, ( ) is the normalised capacitance for electrode combination , ( ) is the measured capacitance for electrode combination , ( ) and ( ) are the capacitances for electrode combination when the sensor is filled with lower and higher permittivity materials, respectively.
To ensure numerical accuracy (the normalised capacitance differences from a mesh to a finer one are below 2%) in all the following 3D simulations, the mesh density is increased until the simulated capacitance or conductance after normalisation converges. At the same time, the length of the pipe is varied in different cases until the pipe length has almost no influence on the simulation results. In the simulation, tetrahedral type of elements and direct solver (SPOOLES) are used. The number of elements in each case is the order of 100,000. Take the sensor model shown in Fig. 1 (a) with an electrode length of 12 cm as an example to show the influence of mesh size on the simulation. The first or coarse mesh is consisted of 66,549 tetrahedral elements, and a finer one consisted of 112,736 elements, which are shown in Fig. 3 (a) and (b) respectively.
Note that in these two meshes, denser mesh is generated close to the electrodes of the sensor. The simulated capacitance values after normalisation with these two meshes have the maximum difference to be around 1%, as shown in Fig. 4 , which displays the first seven values of a whole measurement frame. Note that all the simulations are implemented on a PC with an Intel Core TM i7-2600 3.4 GHz CPU, 64-bit Windows 7 operation system and 8 GB memory. In the simulation, the thickness of electrodes is 2 mm, which is larger than reality (around 1 mm or less), and it affects the simulation results slightly. This can be verified by comparing the simulated capacitance after normalisation when the thicknesses of electrodes are 2 mm and 1 mm respectively. The first seven values in both cases are shown in Fig. 5 . The normalised capacitance differences between these two cases are below 2%.
The first seven capacitance values after normalisation of a whole measurement frame for the 3D sensor models are illustrated in Fig. 6 . It shows that the normalised capacitance becomes closer and closer to their 2D reference when the length of electrodes increases. This phenomenon can also be observed from the images reconstructed using the normalised capacitance and the sensitivity maps from the 2D ECT sensor model in Fig. 1 (b) with a uniform distribution of low permittivity material inside. The element in the sensitivity maps, i.e. the sensitivity of electrode pair to the permitivity change of the pixel at position ( ) with an area of ( ), can be defined as [13] [14] :
Where ( ) and ( ) are the electric field strengths at ( ) when the electrode and the electrode function as the excitation electrodes in turn with voltages and respectively, and is the number of electrodes. The reconstructed images using the Linear BackProjection (LBP) method as described in [15] and expressed as Eq. 3, are shown in Fig. 7 .
( )

Where
is the normalised permittivity vector, is the sensitivity matrix of the ECT sensor, is the transpose of , is the normalised capacitance vector, and is the identity vector, i.e.
. can be calculated according to Eq. 2 element by element and electrode by electrode, and can be obtained according to Eq. 1 where the sequence of eletrode combination should comply with that of the calculation process for . In Fig. 7 , the reconstructed images become more and more similar to the 2D result when the electrode length increases. To evaluate the image error induced by the 3D effect, the reconstructed image for the 2D ECT sensor model is used as the reference image, and the relative image errors of Fig. 7 (b) , (c), (d), (e) and (f) are obtained according to the formula described in [15] and expressed as Eq. 4.
Where is the relative image error, is the reference permittivity distribution , ̂ is the reconstructed permittivity distribution. Fig. 8 shows that the relative image errors of the 3D models decrease with the increase in electrode length. This means that the 3D effect is reduced when longer electrodes are used. The difference (maximum 25%) between the 3D normalised capacitance and the 2D one is still large even when the length of electrodes is twice the inner diameter of the pipe (10 cm). From this point of view, the 3D normalised capacitance will approach to the 2D one, only after the electrode length becomes infinite relative to the inner diameter of the pipe, because the electric field distortion still exists on both ends of the sensor and objects outside the sensor also affect the capacitance measurement, even though the uniformity of axial electric field distribution inside the sensor has been improved to a large extent.
In practice, grounded guards are always used at the both ends of an ECT sensor, with which the sensor would have the narrowest sensing range in the axial direction [7] . This would benefit the reduction of 3D effect. To investigate the 3D effect of ECT sensors with grounded guards at both ends, simulations were carried out. The 3D simulation model is shown in Fig. 9 . the gap between them. The length of end guards is chosen to be half the sensor diameter because Peng et al [8] suggested that this is the optimal length to reduce the 3D effect. Similar simulation and calibration were carried out. For qualitative illustration of the 3D effect in ECT sensors with grounded end guards, the axial electric field distribution for the ECT sensors with 9 cm electrodes and with or without grounded end guards are shown in Fig. 10 for comparison. As mentioned in section I, grounded end guards would help confine the axial sensing range inside the electrode plane, i.e. the axial range of the electric field distortion on both ends of the sensor would be reduced, as shown in Fig. 10 . Fig. 10 also shows that the uniformity of axial electric field distribution in this case is changed slightly compared to that for the sensor without end guards. This combination of uniform axial electric field distribution and confined axial sensing range makes it permissible to approximate the 3D electric field distribution within the electrode plane by the corresponding 2D distribution with less error caused by 3D effect.
Similar to the previous discussions, the first seven capacitance values after normalisation of a whole measurement frame for the 3D ECT sensor models are obtained and shown in Fig. 11 , with comparison to the 2D reference. From Fig. 11 , it can be seen that the normalised capacitance for different electrode lengths is closer to the 2D reference when the grounded guards are used, i.e. the grounded guards can reduce the 3D effect in the normalised capacitance, even though the electric field would be slightly distorted at both ends of the sensor in this case. Images are reconstructed using the normalised capacitance and the sensitivity maps for the 2D ECT model. The reconstructed images using LBP are shown in Fig. 12 . It shows that the reconstructed images with the 3D ECT models become more and more similar to the 2D result as well when the electrode length increases, and each is more similar to the 2D one than the reconstruction with the corresponding 3D ECT sensor without guards, as discussed before. Similar to the previous part, the reconstructed image with the 2D ECT sensor model is used as the reference image, and the relative image errors of Fig. 12 (b), (c), (d) , (e) and (f) are calculated in the same way, which is shown in Fig. 13 . From  Fig. 13 , it can be seen that when grounded end guards are added, the relative image errors for the 3D models are much less than their counterparts in Fig. 8 , and also decrease with the increase in the electrode length. This indicates that longer 
III. 3D EFFECT OF ERT SENSORS
A previous paper [16] reported that the field distribution along the axial direction of ERT sensors is extremely inhomogeneous, which leads to the large difference between 2D and 3D simulation results, i.e. large 3D effect. This has also been confirmed by [3] [4], as discussed in Introduction. Therefore, it is very critical to reduce the 3D effect of ERT sensors so that the 3D electric field distribution can be simplified to 2D. To achieve this, two steps are needed: (1) improve the uniformity of electric field distribution along the axial direction of ERT sensors and (2) confine the axial sensing range of the ERT sensors. Similarly, the first can be accomplished by increasing the length of electrodes, and the second can be fulfilled by adding grounded end guards. The reason for the use of grounded end guards in ERT sensors is that the driven guards proposed by some researchers [3] [10] were proved to be less effective by others [6] , since there was no evidence that the sensing range of an ERT sensor with driven guards was narrowed compared to normal one without guards. However, the conventional ERT sensor does not allow people to do so. Thus the first part of this section will illustrate the reason and discuss the change needed for ERT sensors to apply the grounded end guards. Then, the effectiveness of long electrodes and grounded end guards on the reduction of the 3D effect in ERT sensors will be discussed.
In the previous section, it has been suggested that grounded end guards can reduce the 3D effect in an ECT sensor regarding normalised capacitance, but it is not applicable to use this method in ERT sensors when current excitation is adopted because part of the injected current would flow from the injection electrode to the ground directly.
To apply the grounded end guards in an ERT sensor, voltage excitation (similar to that for ECT) can be adopted since the electric fields of ECT and ERT sensors are governed by Laplace equations with exchangeable coefficients and different boundary conditions, which indicates that they are similar to each other if both of ERT and ECT sensors are excited by voltage signals and measured with the same strategy while current injection is commonly used for ERT. Some previous literature [17] [18] claimed the application of voltage excitation in ERT, but the voltage signal was applied to generate their desired current patterns, which means that these systems are still current-excited. Jia et al [19] reported the use of a voltage source and current sensing in an ERT system to output a current with large amplitude (more than 300 mA) to highly conductive flows for better measurement accuracy. However, in principle this is still the conventional currentinjection and voltage-measurement strategy.
There are two main reasons for the popularity of current injection for ERT. The first one is the consideration of safety for human body since ERT was originated for detection of diseased human organs the conductance of which is unknown, and the applied current must be within the safety range. For most industrial applications, however, this is no longer the case. The second reason is the influence of contact impedance between the electrodes and human skin or electrolyte on the conductance measurement. This can be ignored in the case of current injection with proper measurement electronics, but much more significant in the case of voltage excitation, as less optimal for ERT measurement compared with current injection [20] .
To reduce this influence, there are two possible solutions. The first one is the combination of four-electrode and twoelectrode impedance measurement methods to measure the contact impedance directly, as described in [21] . The second one is the use of capacitively coupled conductivity detection method to avoid direct contact of electrodes and electrolyte and reduce the influence of the contact impedance by parallel or series resonance [22] [23] or by increasing the coupling capacitance between the sensor and the electrolyte [24] [25] . With these solutions, there is a potential that ECT and ERT measurements can be taken with just one common sensor. Similarly, with voltage excitation, there is a potential that ECT and ERT sensors can share a common structure to reduce their 3D effect, which is another reason why voltage excitation (not current injection) is chosen for ERT. Some experimental results for the verification of ERT by voltage excitation will be presented in section IV.
Based on the above discussion, it is assumed that the influence of the contact impedance can be minimised since some very promising results using the solutions listed above have been obtained. As the main purpose of this part is to evaluate the effectiveness of grounded end guards on the reduction of 3D effect in ERT sensors with voltage excitation, the 3D effect of an ERT sensor without guards is investigated first. The 2D and 3D ERT sensor models without guards are shown in Fig. 14 , and each sensor is made up of 12 electrodes. Note that contact impedance is not included in all the sensor models. Some parameters of the 3D ERT sensor model are: To see the 3D effect, different lengths of electrodes are used. Similar to ECT, each time one electrode is applied a voltage signal and all the other electrodes are grounded for measuring currents through the medium. This process is repeated until all the independent measurements are taken. Because the voltage-excitation and current-measurement method is used for conductance measurement, the exact same calibration or normalisation procedure as ECT can be adopted to reduce 3D effect contained in measurements. Also, sensitivity maps for ERT sensors are generated in a similar way to that for ECT sensors. Since the object to be imaged in Fig.  14 (a) is non-conductive ( ), the lower reference for conductance is 0. The higher reference is acquired when the simulation model is filled with homogeneous saline listed above, and then normalisation process is taken after the measurement data are obtained. The first eleven values of normalised conductance with 2D and 3D ERT sensor models with different electrode lengths and without end guards are shown in Fig. 15 .
Similarly, the normalised conductance with the 3D ERT models would become closer and closer to that with the 2D model when the electrode length increases. Based on the normalised conductance of a whole measurement frame for each 3D ERT sensor and sensitivity maps of the 2D ERT sensor model generated in the same way as in ECT, images are reconstructed for the distribution in Fig .14 (a) using LBP, and the results are shown in Fig. 16 . With the reconstruction result with the 2D sensor model as the reference image, the relative image errors of Fig. 16 (b) , (c), (d), (e) and (f) are calculated as shown in Fig. 17 . As expected, the relative image errors for the 3D ERT sensor models decrease with the increase in electrode length, which is similar to the corresponding results for the 3D ECT sensors. This also confirms that the electric fields of ECT and ERT sensors are similar to each other when both are excited in the same way and similar 3D effect exists in both of them.
To compare with the above results, grounded end guards are added to the above 3D ERT sensors, and the 2D and 3D sensor structures are shown in Fig. 18 . Some parameters of the 3D ERT sensor model with grounded end guards are: Other parameters are the same as the ERT sensors without guards. Note that unlike ECT sensors, no shield is included in the ERT sensor structure since no conductive medium exists between shield and pipe wall and the simulation results would be the same with or without the shield. Similar simulations and normalisations are carried out and the first eleven values of normalised conductance for 2D and 3D ERT sensor models with different electrode lengths and grounded end guards are shown in Fig. 19 . The corresponding reconstruction results using LBP are shown in Fig. 20 , while the relative image errors for the 3D ERT models with different electrode lengths and grounded end guards are shown in Fig. 21 , referred to the reconstructed image for the 2D model. Strangely, the relative image errors for all 3D ERT sensor models with end guards are well below 6% regardless of the electrode length in Fig. 21 , even though the relative image error of the 3D ERT sensor model with electrode length of 4 cm is slightly larger than the 3D sensor model with electrode length of 1 cm. This is very different from the results for 3D ECT sensors with end guards in Fig. 13 . The possible reason for this phenomenon is that the non-conductive object being imaged is placed along the middle axis of the pipe and causes the current to flow around the pipe wall and the grounded end guards, which are mounted on the inner surface of the pipe wall and absorb almost all the current that tends to flow outside the sensor plane. However, in ECT the contrast of high permittivity to low permittivity is only 3:1. A significant part of the electric field lines can still penetrate the high permittivity material and spread along the middle axis of the pipe with only a few of them drawn to the grounded end guards. This is verified by changing the conductivity of the object to be imaged in Fig. 18 (a) from to be , with which the conductivity contrast of the object to the background is 3:1 the same as the permittivity contrast in ECT sensor simulations. Note that both the nonzero lower reference and higher reference need to be acquired in this case for normalisation of measured conductance. The first eleven values of normalised conductance in this case are shown in Fig. 22 . The comparison result shown in Fig. 22 is similar to that for the ECT sensor in Fig. 11 , conforming the explanation above. The conclusion is that similar 3D effect exists in ECT and ERT sensors with the same permittivity or conductivity contrast of object to background. Since there is much larger difference between normalised conductance for 2D and 3D ERT sensors with electrode length of 20 cm in Fig. 22 than in Fig. 19 , normalised conductance for other 3D ERT sensors with electrode lengths less than 20 cm should have even larger difference than those in Fig. 19 , as indicated by previous simulation results.
IV. EXPERIMENTAL VERIFICATION OF ERT BY VOLTAGE EXCITATION
To validate the ERT sensor design with voltage excitation, experiments were carried out using an impedance-analyserbased multi-channel imaging system. The performance and detailed information about this imaging system can be found in [26] . The system setup is shown in Fig. 23 . For this feasibility study, an available ECT sensor was used for conductance measurement. As shown in Fig. 24 (a) , the ECT sensor has 8 large electrodes mounted on the inner surface of the tube, which directly contact with the electrolyte inside the sensor. Its 2D simulation model is shown in Fig. 24 (b) . These large electrodes can help reduce the influence of contact impedance between electrodes and electrolyte on the conductance measurement, but the contact impedance is not measured and calibrated. Some parameters of the ECT sensor are listed below: With an impedance analyzer HP4192, an ac voltage of 1.1 V is applied to one electrode of the ECT sensor and other electrodes are grounded for conductance measurement one by one. Different excitation frequencies, 100 kHz, 1 MHz and 10 MHz, were chosen to see whether the frequency has significant impact on the experimental results. 2D simulations based on the setup shown in Fig. 24 (b) are also conducted under the mode of In-Plane Electric Currents (Quasi-statics, electric) in COMSOL Multiphysics. Because the contact impedance is not considered in simulations, the normalised conductance at the above three frequencies for the 2D simulation setup are almost the same (below 2% difference). Thus only the 2D simulation results at the excitation frequency of 100 kHz is shown in Fig.  25 together with the experimental results at those three Apparently, the normalised conductance values at frequencies of 1 MHz and 100 kHz are close to each other, but large difference exists between these two and that at frequency of 10 MHz, perhaps because of the contact impedance, which was claimed to be equivalent to a combination of a resistive part and a capacitive part [27] [28] [29] . While the impedance value of the capacitive part depends on the excitation frequency, 10 MHz signal would decrease this value to a comparable level with the impedance value of the resistive part but the values with 100 kHz and 1 MHz signals are much larger. This decrease would enable more current to be injected into the medium inside the sensor and redistribution of the current through each detection electrodes when one electrode is excited with an ac voltage signal of fixed amplitude. The contact impedance also contributes to the difference between the 2D result and experimental result because it constitutes part of the measured resistance or conductance from experiments.
Another reason for this difference is the 3D effect. Even though their length is 2 cm (a little more than 1/4 of the sensor diameter), the end guards in the ERT sensor used in experiments are mounted on the outer surface of the tube wall, which has no effect on confining the axial sensing range of the ERT sensor (no contact with electrolyte). Therefore, the current can flow outside the sensor plane and then return to the detection electrodes, but it cannot in the 2D simulation. This shuttle effect increases the conductance between the detection electrode and the excitation electrode, especially when the detection electrode is opposite to the excitation electrode. However in previous simulations for the ERT sensor with grounded end guards, the guards length is half the sensor diameter as suggested by [8] , and the guards directly contact with the electrolyte, which help reduce the 3D effect effectively as shown in Fig. 19 . Other reasons for the asymmetric distribution of normalised conductance with measurement number in Fig. 25 would be the fabrication error of the sensor and the measurement noise.
With these normalised conductance from 2D simulation and experiment setup at different excitation frequencies, the object distribution in Fig. 24 (a) can be reconstructed using LBP, as shown in Fig. 26 . Note that the sensitivity maps are generated from the above 2D simulation model in the same way as in section II. Fig. 26 shows that the correct position and shape of the object can be reconstructed at different excitation frequencies, even though image artifacts exist. This can partially verify the feasibility of the ERT sensor with voltage-excitation and current-measurement. If the contact impedance of the above ERT sensor can be measured and calibrated, then the reconstructed images in Fig. 26 (a), (b) and (c) can be closer to their 2D reference. 
V. COMMON STRUCTURE FOR ECT AND ERT SENSORS
As discussed in section II and III, grounded end guards can be applied to both ECT and ERT sensors to reduce their 3D effect, if voltage excitation is adopted for ERT. With voltage excitation for ERT, only additional calibrations or measurements need to be taken to remove the influence of contact impedance on the conductance measurement. From this point of view, ECT and ERT sensors can share a common structure similar to that in Fig. 9 (a) to narrow their sensing ranges in the axial direction, but the electrodes should be mounted on the inner or outer surface of the pipe wall, depending on the choice of the method for reducing the influence of contact impedance as discussed in section III. This is not only beneficial for reduction of 3D effect, but also for dual-modality measurement needed in some industrial processes. Li and Yang [2] discussed the necessity and development of multi-modality tomography systems before 2009, and did some initial simulations and experiments to investigate the feasibility of ECT and ERT dual-modality system with voltage excitation, and some promising results were obtained. This also confirms that an ERT system with voltage excitation is feasible. However, they used two separate sensors for ECT and ERT measurements. Marashdeh et al [30] proposed a multi-modal based on ECT sensors, which used capacitance measurements for permittivity imaging and power balance measurements for conductivity imaging. Even though it seems promising, this kind of systems suffers from nonlinear errors and skin depth effect with high conductivity. Also, the proposed reconstruction technique is only valid when the capacitance signal can be assumed to be independent from the power signal, which is difficult to be fulfilled in most industrial applications.
To avoid these drawbacks and reduce the 3D effect, the approach described in session III, with which only one sensor is needed, is suggested for both ECT and ERT measurements while related electronics can be designed in the same way as proposed in [2] . With this structure, the sensor design for ECT and ERT dual-modality measurement would be simplified [30] , and the interference between two separate sensors or two measurement signals can be eliminated. More temporally closely correlated and independent ECT and ERT measurements can also be acquired at the same time, which is beneficial for dynamic measurements required in some industry processes.
VI. CONCLUSIONS
Similar 3D effect exists in both ECT and ERT sensors. The 3D distribution of electric field would distort the shape and displace the positions of objects being imaged in a reconstructed 2D image. By comparing the simulation results of the 3D ECT and ERT sensor models after normalisation with the corresponding 2D one, it is concluded that long electrodes can improve the uniformity of axial electric field distribution and reduce the 3D effect in ECT or ERT sensors. The negative effect is that it would enlarge the sensing range. To solve this problem, grounded end guards are commonly used in ECT sensors. Simulation suggested that grounded end guards can reduce the 3D effect contained in capacitance after normalisation, but it cannot be used in ERT sensors when current injection is adopted. To apply grounded end guards in ERT sensors, the voltage-excitation and current-measurement strategy is first introduced into ERT measurements, and validated by experiments. Simulation results indicate that grounded end guards can also reduce the 3D effect in ERT sensors.
Images are reconstructed for a centered object in ECT and ERT sensors without or with end guards using LBP. It is shown that reconstructed images for the 3D sensor models approach to the corresponding 2D result when the electrode length increases or after grounded end guards are added in both cases. Finally, a common structure is proposed for ECT and ERT sensors to reduce their 3D effect, which also has potential applications for dual-modality measurements in industrial processes. 
